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Abstract  
 
To improve the mechanical properties of pure hydroxyapatite (HA) ceramics and pure 45S5 
bioglasses, HA-316L fibre composites and bioglass 45S5-316L fibre composites were produced by 
spark plasma sintering (SPS) at 950 oC and 850 oC respectively. While the HA phase in the HA-
316L fibre composites did not decompose after the SPS process, microcracks were found around 
the 316L fibres in the composites. Consequently, the HA-316L fibre composites could not 
effectively improve the mechanical properties of the pure HA ceramics. In contrast, the bioglass 
45S5-316L fibre composites showed no microcracks around the 316L fibres and thus exhibited 
bending strengths of up to 115 MPa.  
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1. Introduction 
 
Bioactive ceramics developed during the past few decades, such as bioglasses and dense 
hydroxyapatite (HA) ceramics, have provided promising alternatives as materials to repair or 
replace damaged parts of bones and teeth [1-3]. For example, they are being considered to be used 
as dental roots and fastening nails for fractured bones, where mechanical action of bending is 
present and thus the implant materials should have appropriate bending strengths. Bioactive glasses, 
such as 45S5 bioglass, have been shown to bond to bone as well as to soft tissues and to stimulate 
osteogenesis in vivo models [1, 3]. Nevertheless, biocompatibility and bone bonding are not the all 
requirements for bone repair and replacement materials. Both HA and bioglass, however, have the 
problem of low mechanical properties including bending strength and fracture toughness [4-6]. 
Thus there is a strong impetus to improve the mechanical properties of bioactive ceramics so that 
they can be used in both low and high load-bearing situations.  
 
One of the strategies to improve the mechanical properties of HA and bioglass is to develop HA or 
bioglass-based composites. This strategy is in line with the progress made in the design and 
fabrication of advanced ceramic matrix composites over the last few decades. In fact, various 
reinforcements and processing methods have been tried for the HA based composites. For example, 
Li et al. [7] prepared HA ceramics strengthened with yttria-stabilized zirconia (YSZ) second phase 
by hot isostatic pressing (HIP). Champion et al. [8] fabricated Al2O3 platelet-reinforced HA by hot 
pressing, resulting in improved toughness compared to pure HA. Lastly, Terpstra et al. [9] patented 
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continuous ceramic fibre reinforced calcium-phosphate ceramics, prepared by chemical vapor phase 
infiltration (CVI).  
 
Particular attention has been paid to the reinforcement of bioceramics by metal fibres. As early as in 
1982, Ducheyne, et al. [10]  introduced stainless steel AISI 316L fibres into bioglass by immersion 
of premade porous fibre skeletons into molten bioglass. Later De With et al. [11] produced Fe-Cr 
alloy fibre reinforced HA ceramics by hot pressing. Recently, Miao et al. [12] investigated the 
microstructure and bone bonding behavior of HA-316L fibre composites prepared by hot isostatic 
pressing. Furthermore, Miao [13] noticed the problem of microcracking in the HA-316L fibre 
composites, which unfortunately limited the improvement of the mechanical properties. 
 
The present study aimed to use the relatively new process - spark plasma sintering (SPS) to produce 
the bioglass-316L fibre composites and to investigate whether the microcracking problem 
encountered in the HA-316L fibre composites could be prevented in the current bioglass-316L fibre 
composites. According to the previous study [13], the microcracking in the HA-316L fibre 
composites was due to the residual thermal stresses in the composites. The prevention of 
microcracking therefore would require lowering the thermal expansion coefficient mismatch 
between the fibre and the matrix and/or decreasing the temperature at which the composite could be 
densified. SPS technique was selected considering its merits of high heating rate, low sintering 
temperature and short sintering time, as compared with hot pressing [14, 15]. On the other hand, 
bioglass was used as a glass has the property of glass transition temperature (Tg), above which 
thermal stresses could be relaxed.  
 
 
2. Experimental 
 
HA powder (Riedel-de Haën) with particle sizes in the range of 4-150 μm and bioglass® 45S5 
powder (US Biomaterials) with the composition of 45%SiO2-25%Na2O-24%CaO-6%P2O5 and a 
particle size range of 4-80 μm were used as the starting materials. Short stainless steel 316L fibres 
with the length of approximately 1 mm were obtained by chopping continuous 316L fibres of 22 
μm and 50 μm in diameter (Knight Precision Wires, UK). To mix HA or 45S5 bioglass powder 
with the 316L fibres, the HA powder or the 45S5 powder was firstly dispersed in ethanol. Then, the 
316L fibres at the volume fraction of 30 percents were fully mixed with the powder slurries by 
magnetic stirring and ultrasonic vibration. Finally, the HA- or 45S5 bioglass - 316L mixed slurry 
was dried in an oven at 80 oC for 12 hours. 
 
The HA-316L powder mixture, bioglass 45S5-316L powder mixture, pure HA ceramic powder and 
pure bioglass 45S5 powder were densified on an spark plasma sintering (SPS) system (SPS-1050). 
The vacuum level of the chamber was set at 4.5 Pa. The pressure level on the specimens was kept 
constant at 90 MPa throughout the sintering process. The sintering temperature for the pure HA 
ceramics and the HA-316L mixtures was 950 oC that was reached at a heating rate of 100 oC/ min. 
For the pure bioglass 45S5 and the Bioglass 45S5-316L mixtures, the sintering temperature was 850 
oC that was reached at a heating rate of 50 oC/min. After sintering at the desired temperatures for 
5min, 10min and 20min, respectively, the sintered samples were cooled to the room temperature at 
a cooling rate of 20 oC/ min.   
 
The glass transition temperature of the bioglass was determined by differential scanning calorimetry 
(DSC). The microstructural characteristics of the sintered composites were studied using a scanning 
electron microscope (SEM, JEOL JSM-5410). Some samples for the SEM were subjected to surface 
etching with a 10% citric acid solution. An X-ray diffractometer (XRD, Shimadzu) with the Cu-Kα 
radiation was also used to check the stability of HA phase in the composites. Three point bending 
strengths of the composites and the pure ceramics were determined using an Instron 4206 tensile 
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tester (CA MA, USA) at a cross-head speed of 0.5 mm/min. Rectangular test bars with dimensions 
of 30 mm×5 mm×3mm were cut, ground and polished for the three-point bending tests.  
 
 
3. Results and discussion 
 
While the interaction of the electric field with the microstructural details of the powder compact 
during the spark plasma sintering is an interesting issue, it was considered to be a complex problem 
and difficult to be quantified experimentally. Since the disk samples produced were relatively thin, 
and the 316L fibres could help conduct the electrical heat due to their higher thermal conductivity 
compared to the matrix, thus, the electrical heating of the composite compact during the spark 
plasma sintering was tentatively regarded as homogeneous. The current study was thus mainly 
focussed on the microstructural observation and mechanical testing of the composites after the 
spark plasma sintering process. Fig. 1(a) is the SEM micrograph of a cross-section of the HA-316L 
50 μm fibre composite spark plasma sintered at 950 oC for 20 min. From the shapes and the 
locations of fibres, one can see the preferential orientation of the fibres as a result of the spark 
plasma sintering. Note that many microcracks were found around the 316L fibres. On the other 
hand, Fig. 1(b) shows that the 22 μm 316L fibres were also preferentially distributed in the HA 
matrix. Note that microcracks were also present around these relatively fine (22 μm) 316L fibres. 
Thus, it can be seen that the problem of microcracking was persistently present in the HA-316L 
fibre composite systems prepared by the spark plasma sintering. In fact, the same composite system 
prepared by other methods such as hot isostatic pressing also showed the microcracks [13]. The 
microcracks present in the HA-316L fibre composites likely resulted from the residual thermal 
stresses due to the difference of thermal expansion coefficients between the HA matrix (16.9 x 10-6 
oC-1) and the fibres (19.6 x 10-6 oC-1) [13]. The residual thermal stress in the composite is estimated 
to be around 250 MPa, using the following equation: 
TEσ ΔΔ= α                        (1) 
where σ is the thermal stress, E the Young's modulus of HA (100 GPa [13]), Δα the thermal 
expansion coefficient mismatch, and ΔT = 925 oC.  
 
While microcracks seemed unavoidable in the HA-316 L fibre composites, the spark plasma 
sintering was able to densify the composites at 950 oC. This temperature was not low for pure HA 
ceramic monoliths but was relatively low for the HA-316L composites, as the fibre reinforcement 
tended to retard the densification process of the composites. The composites prepared by the park 
plasma sintering also showed no problem of decomposition of the HA phase. Thus, spark plasma 
sintering was found advantageous compared with the conventional pressureless sintering. Fig. 2 
compares the XRD patterns of the HA-316L 50 μm fibre composites densified by the spark plasma 
sintering at 950 oC for 10 min. and 20 min., respectively. It can be seen that the constituent HA 
phase did not suffer from the decomposition problem during the processing. In Fig. 2, it is noted 
that only one peak was related to the Austenite phase of the 316L fibres. This was due to the 
anisotropic nature of the fibres, and the preferential orientation of the fibres.  
 
Since the HA-316L fiber composites did not result in favorable microstructures and desired 
mechanical properties, effort was directed to the bioglass-316L fibre composites. Bioglass, like HA 
ceramics, has also shown bioactivity and poor mechanical properties. However, bioglass has 
different high temperature behaviour from HA ceramics. It is well known that glass has a glass 
transition temperature (Tg), above which the glass behaves as a plastic body and below which the 
glass behaves as rigid solid. Thus, thermal stresses built-up from the processing temperature to the 
Tg can be released by the plastic deformation of the glass phase. Fig. 3 shows SEM micrographs of 
the cross-section of the bioglass 45S5-316L 50 μm fibre composite sintered at 850 oC for 20 min. 
The 316L fibres were again preferentially distributed in the relatively dense bioglass matrix, and no 
microcracks could be observed in the matrix. Furthermore, the surfaces of the fibres were intimately 
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bonded to the bioglass matrix.  Since microstructural defects affect mechanical properties, the 
elimination of the microcracks was regarded as a significant result of the study. The absence of 
microcracks was due to the decreased thermal stresses. Given measurement result Tg = 433 oC, and 
using reported data of thermal expansion coefficient = 15.1 x 10-6 oC-1 and Young's modulus = 70 
GPa [16], one can use equation (1) to calculate the thermal stress level of 136 MPa for the bioglass-
316L fibre composites.  
 
Among the basic mechanical properties such as hardness, toughness, strength, and Young's 
modulus, it could be said that the strength is most sensitive to the microcracks. For ceramics and 
composites, bending testing rather than tensile testing is commonly and conveniently conducted. 
Fig. 4 compares the three-point bending strengths of the composites and the pure ceramics spark 
plasma sintered at 950 oC and 850 oC respectively. The bending strengths for the pure HA ceramics 
and the pure bioglass 45S5 were in the range of 81-97 MPa and 86-93 MPa, respectively. The 
bending strengths increased only slightly with the increasing sintering time from 5 min to 20 min. 
Compared with the pure HA ceramics, the HA-316L 50 μm fibre composites had bending strengths 
of less than 75 MPa. Thus, the composites could not improve the mechanical strengths of the pure 
HA ceramics. The microcracks in the composites (as shown in Fig. 1(a) and 1(b)) were considered 
to be responsible for the impaired mechanical strengths. On the other hand, the bioglass 45S5 - 
316L 50 μm fibre composites showed bending strengths of up to 115 MPa, which were higher than 
the strengths of the pure bioglass 45S5. The absence of microcracks in the composites could result 
in the increase of bending strength. While some promising results were indicated in the current 
study, the bioglass 45S5-316L composites should be studied further in order to optimize their 
mechanical properties and their biological properties such as the bone bonding behaviour. 
 
 
4. Conclusions 
 
Hydroxyapatite (HA) and bioglass (45S5) based composites reinforced with 30 vol.% 316L fibres 
(22 μm and 50 μm) could be densified at 950 oC and 850 oC respectively within 20 min. by the 
spark plasma sintering process. No decomposition of the HA phase was observed as a result of the 
sintering process. However, microcracks were formed around the 316L fibres in the HA-316L fibre 
composites. As a result, the HA-316L fibre composites exhibited decreased bending strengths 
compared with the pure HA ceramics. In contrast, the bioglass (45S5)-316L fibre composites 
showed no microcracks and thus had improved bending strengths (up to 115 MPa) compared with 
the pure 45S5 bioglasses.  
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Fig. 1.  SEM micrographs of the citric acid etched surface of the HA-316L 50 μm fibre composite 
(a) and the as-polished surface of the HA-316L 22 μm fibre composite (b). Both composites were 
spark plasma sintered at 950 oC for 20 min. 
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Fig. 2.  XRD patterns of the HA-316L 50 μm fibre composites spark plasma sintered at 950 oC for 
10 min. (a) and 20 min. (b), respectively. HA: hydroxyapatite phase; SS: Austenite phase of the 
stainless steel 316L; cps: counts per second. 
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Fig. 3.  SEM micrographs of the as-polished surface of the 45S5-316 L 50 μm composite spark 
plasma sintered at 850 oC for 20 min. (a) at magnification 500 X; (b) at magnification 1000 X. 
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Fig. 4.  The bending strengths of HA ceramics and HA-316L 50 μm fibre composites spark plasma 
sintered at 950 oC, and 45S5 bioglasses and 45S5-316L 50 μm fibre composites spark plasma 
sintered at 850 oC. 1: 5 min; 2: 10 min; 3: 20 min. 
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